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Self-Focusing in SF6

J. R. Ackerhalt and H. W. Galbralth

Theoretical Division, Los Alamos 3ational Labor~tory
ms Alamos, New Yexico 0’7545

Abstract

We show by explicit calculation of our previously published quasicontinuum modal that
the molecular susceptibility rapidly approaches zero do higher excited states of the mole-
cule become populated. Hencu the overtones of the wl-punmed mode are totally responsible
for the self :ocusinq effecte in SF . Wn explicitly” calculate the v ladder contribution
to the susceptibility. Our vibrati~nal model 1s a classical triply degenerate anharmonlc
oscillator in the Cartesian basis with the anhdrmrmicity parameters choeen to be consistent
with the lateat spectroscopic analysie of the IV

J

overtom sOeckr”m. The rotational atruc-
turc ia rcpr.?scntzrlby a distrilauti~n of these o cill,ltorswhere the distribution ia choacn
to cor=capond to the spectrum of the U3 fundamental. We ?lnd qood aqrcemnt with tho 300”
in self-focus!nq data of :Jowak and Ham at C02 P(2B), P(20) .!ndP(10) in SF6.

I. vl-ladder contribution

Nowak .md :lJm!have recently report:d stronn self-focueinq and self-det’ocuqin.jin SF
vapur. Their dat~ are in aqreement 8with prevloun moaauremunta,- but arc considerably m re
tletnilcd. cunli:~ti-)ely, their data show Cocusinq on the blue side of the 300’
tiG:l fcacbre .Ind ,!cfacus!na on tho red aidn. Howevor,

K ~’3.~bsorp-
~a the laser power is increa.cd at

P(20) (a red side curvg which shown de~?cue~na at low pow-r) they beqln to obst!rve foc~.einq.
The transition occurs in tha reqion 10 ‘-10 lJ/cms. This observation ia presumably due to
the mh.~rmnnic rcd-shl~t of tha higher vibrational resonances, i.e., as the power 1s in-
creaaod .lnti the cxcit~tion moves hlqher in rhe molecullj the lbaorption feature shiftn toward
the rod such that the P$2U) laaor line chanqcn its locdtion Srom tho red to the blue sido of
the lbsorpticm fc~turc.

In section IZ WI-~how that the quasicantinuum roqion of larqu polyntomlc molcculus cannot
be rcsy:lsi!)lo for aolf-tocueinq duo krrits lnhorcnt broad r~uonant char~ctor. Thcroforc,
W@ c.llculltc the .’lladder contribution to the .~uecontil)ility in SF6 and show th~t it ac-
count~ for ,111th~ ,>bs(!rv.ltionaOL’ ;Iowak and Ham. :
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The unpo-turbed rasonant frequency of the oscillator ia w .
quency arc Ei and U, reapactivoly. 3The charge, e, and ma s,
final results and are rcmovad using the relation

●2tr/4u2wOm= 1

( 2b)

The laser amplitudm and fre-
❑ , will not appear in our

(3)

where u ia the trm?sition dipolo moment equal to 0.4 Debye.b

The equation of motion Eor the ith Carteeian coordinate is calculated from (1) in the
usual way:
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+ 40=33 ~ ‘i m i ‘s ‘“t ‘ (4)

where wn have introduced a emall decay ~arametor, y, so that the auaceptibility dogs not be-
come Lnfinitc on remonance. Since self-focusinq eft’ecta are due to the part of the euacep-
tibillty which=;;mproportional to the drivinu field at froqucncy ~, we look Eor a solution
for XL of the *

(1- ,ltit● ~ ●p-iwt
‘i = 1 ‘iL i-

)

(5)

whera a Ccrt.lplutc;olutlon for x would contain all harmonic froquenciem. We can neqlact
their :ontri!mtion 111 [5) ainceitha harmonic coefficients hava rononant denominators which
●ze I.lrnc mily in Ehc rcqion of the harfr~nic rcraonnncc. Thn validity of uminq (5] and drop-
p~nq all hamonlc terms has been oxpllcitly checked by axact integration for a ainqlo anhar-
mmic o:lcill.lt.nr.”

After aubstitutinq (5) into (4) and neglecting khc hiqhor harmnic torma Wa obtain the
~u=k!qng for ~JCh C.lrtosian coofflcicnt:-
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mwo x IC,;2 ‘o15-iI+ (X3,-6T33) ~. + 1ST,, ~lCi
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wh,!rowv h,lv,:.I:I:IUFIIXI,1+~T.2M .md A w -J.fo Q
We have found that if the field is ori.!nlwd

●lo:i.I In ~rbltr.lt-{dlrct:ton Ln the rrrolLculJ, then tho pol,trizatton le alonq #omc othar di-
ractim wht’ro the nuflcl’ptlbllltylC computed from tho projcctir)n r)f the Coordlnatc ~lcmq tho
dircctlon I~C thl:fiuld. Ilcnicver,Lf the Clold 1s orlcnt.wi .Ilonn .Imymmotry Jxlr of Lhc
mzluculII, ttcn ~.hn!jol~rlz~tlun in only ;)1011ot.htlt.lXLEI.Tha mLuRLon o: (6) in this J.ILW
is 1:.1:.LL’; rJt,t.llnl!rlfor tho (:cmtdln,ltrAnd thcrotorm for thn nuec(n~kibiltiy and la n qenor-
●li.!.ltlorr0[ th! ronult ?or II tiimpll!,lnharnronicOucil!..ltur:

2
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ET

- ’33- 3 33
- - .87

=33 - ’33
- - 1.39

X33 + 6T33 - - 2.94

(9a)

(9b)

(9C)

where these aymmckry axia oacillatorm can be imolated f.nFig. 15 of Ref. 3 and shown to be
a good reprzsent,~tlonof the vibrational ●tructure of SF6 molacule. It ie interemtlng to
notice khtIatz=cz:zz of (7) with zc~~zcr to ehe VdL-iabla‘2.LBdefi~cd La io). Ae zile
laser power incrzasea in (0), Q increaaea in a nonlinear fanhion with a magnitude deter-
mined by the anhamnaniclty. 1s neyatlve, the reeonance character h (7) Is

‘ince ‘M ponder.

.

ahiftec!toward the red with increaai This quantitative reeult is in agraamcnt
with the qualitatiivc discussion given in the introduction. We ❑hauld aleo note that the
auscc?tibility calculated here and that !!ora two-level modelq are markedly diffaxent in
this reswct.

The rotational structure for thie calculation ie repreeentcd by an Inhomogcneoue broad-
●ning of the vibraticmal molecule. We, therefore, calculat@ the total eunccptlbility of
the .3 absorption band by e~inq a collection of vibrational moleculae of different har-
monic:~requenciee ,andband strenqthe chueen accordinq to the 300. K v absorption epcc-
trum. Our aynthesle of the epectrum is shown h FIG. 1. The only $ree parameter in
this wor!.:i3 “{which .WChave chosan to give t$~ correct croee secc~on ve. flucnco depon-
dencc ah~wn in Fig. 2 at sevaral frequencies. Since tho band ie roughly 20 me-l wide,
the calculated Sueccptibility is independent of this mu free parmnet~r.
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I in FicI. 3 we chow the calculated euacemti-
bility vi. fluenco at several frequenciem-

i

I

●tudted by Yowak xnd Uam.’ Our cilculataone
are inherently intensity depandent euch that
tha flucncee uaad Ln the figures are computed
from intenniti~y aeeuminq a L.6 nn square
pu.lmc, I.e. 10 - J/cm: ~ 6.25 ?lW/cm2. While
a precieo comparison of the euaccptibLlity
eur%mu with Lhc data can only be mado after
performlna J two dlmeneionaL ~mpdaation
calcul~tion based on FLgurcJ 2 and 3, wc ?GU1
ths qualltatLve aqrocment is oxcullcnt and
worth< of pre~~:nt.ltimnin thlm prclimin.lry
form. We Lntcrnrat thm numccptlbillty curves
ammumlnq .I tmel~lve (nfq;tive) tilbpe implied
focualnq (dGFncuulIIql. We find .1qradual
defoc~lutnq ~t C02 P(2111,a red nidc curve in
thu rmjlon whcrn thu clat.]oxtsts. i.e. E ,
1 J/cm . fitCO P(213)we obmc.w! a trana

i
t-

tirm from dftfm-.-~lnqto Focuslnq 1:1 the rc-
glon betwocn lU and 10-’ J/cm’. Wa Find the
etrrmq!:mt ‘ocuninq offuct dt CO- P(16) ,~t
the O.branf.h of! the low fluul~c{!-,lboorptlol~
fecturn (nnt slmwn]. At P(10] we find .1
cmmtinuous Frf!nd llwayH towtlrdn.1 EOCIISLIIU
effect. Our rcmult.s !rt_! ,Iu.llit,lt!i:t:lyill
good mr~~,.m,.nt with t.hoNnw.lk,In(lIIJ:Jd,lt,i.~
11,.,st.~.~r, .fl. h. rint.! :!l.lt ~!li I ;ll,;,..*9t !III ~: *.,.

,..
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qarz 2. CroJIaacction va. Flucncu for

four H3q l~sar frequcncioa ~(10),
P[16), P(20), and P[20). Tho
~riuw -- *r y is f!; from P{20)
data, )-0.098 cm .- Tha $hanqo
in O1ODIYabovo 5x1O 7J/cm- re-
mults from tho 9C not bolnq in-
cludul in thu calculation.
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gum 3. ROZI1pa!t of thm auacopt:bilicy V8.

flmmcu for thrmu CO. lamer fro-
quoncxos P[1O), P{207, and P[2B).
Tha dannity Eor all thrcu curvoa
had bam fixed It L9’4/cc ●inco it
only rewlts M a 9yscmatLc &liE:
Of tho GURaS. Haever, the data
of [Iamand Nouak ward actually
taken ak three diffaront imesaur.la
in tho rnnqn 0.3-1 tsrr.

II. ~lnicnntlnuum contrtbuLLq~--- .. —- ..-—.
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‘k(n) = ‘Dk+l(n+l)/D(n+l))Pn+l - (Dk(n)/D

where D(n) is Lhc total molecular denmiky OE

n))Pn , (13)

Stataa. For Lntcnmitiea lean than 100 HW/cm2
wo hcs~cSOund chac V-V relaxation Wminaics the lamer pumpinq mf,we havsrconutructcd tuna
absorption croes sections from v (n), Eq. (11) , in s:eady state.

E
The molecular suscepti-

bility;”for this trannltion Lo go ten, correspondingly from the steady st&te eolution for
uk(n) :

~(r,) = - [i?k(n)Ak(n)/(.\~(n) + Yf(n))lwk(n) , (14)

and

~k(n) = (Nh:2k(n)/E2)uk(n) . (15)

Here V is the density of molecules (101s/cm2 at 0.2E korr and ]00” K, used in our calcula-
tiunn) and L is tha laser ~lectric field amplitude. Nota that :? is linear Ln E eo that
the onl’; field Joaendcncc in ,k(n) is from the wk(n), i.e. the c cited state population.k
The total 9C Yusccptibility is siinnly ths eum of the i (n) ovnr all 9C states.

h
Fiq. 4 shows

the COE4L 9C ~ucce~tibiiity as J function of lamer pow r up to 20 ‘w/cm2 at a frequency of
944 cm-: ~orrcspondlnq to C02-@(20) .

I
—.. .–*.-. -----—-1.. —.,

o 10 20
POWER (MW/cm2)

10, “;rl,I,lw,r fmwpr. :,,l~t~r Iinc
is C0,~120) 1111.I:;F’fi ff.lq ip ,\t
0..!’1 I’,)rr it 140’ .,. W11:411:’*ll -
tlnli,irl ,,rlf Il I,il]uxi!tll:n lr(. mll,.h
mmhlll r ‘.!I.111I -L.III:Jr cclIltr:-
buf.1.1::,!:,:Ic.l?-rl,c,l,:i,nlJ ,,l,wc.r

rt!nlnn.

Population distributions at tha various
laser powers were found from our previous
modeling effnrts.’” We eee in the fiqure a
rapid falloif in I with incrcascd laser power.
The reamnm for thla is simply the fiict+hat
an the nnarqy incrcaats, Lhc widths Y (u)

5dorninat.odetuninq:”t~nd the partial su capti-
billties, x (n), uecreaue as 1/’; (n). The

1 ?$dramatic fa loff oi the total su ccptlblllty
with Lncrcaelnq laser lntcnslty is due to t!le
incrcneing popul~tlon OE high n-statca. How-
evar, the absrrlutuvalue of tho ratu of
chanqm 1s still Ear to ~mall to contribute.
The absorption term cf Eq. (11), v (n), dots

!not Calloff how?ver elrrce lt La u= mmd to
u (n) by (yk(n),/fl .(n)), G Iarqc Elctnr for
M&it w States. lh!ncrJ, ourqroviousmodcl

gives d plct.ur,~ of bro.wlcn,ldQC-MCJLCS lead-.
inn the dramtltic dccrw!c Ln pol.lrlxutlon,
u (n), while the ,Ibnorption ltrMI?CII HJ Ln-
kc e.lsuapproxirnmtcly Llnctlrly” (hiqh gC) .

Even thouqh thl~ ro~ult w-n ~rrivod .lton
the biIMlson a pnrtlcular morhl IItthu moLcc-
ular llua:liconLlnuum,W- fCCl that Lt “dillk
●hnwli tu L- .I prqll!rty of Jll MOLL?LM fe.ltur-
lnq HLron(l V-V rclllx.ltlonJIILIrnmonnnt Jb-
aorarlnn. r:l SF , ,khr:rt, .lrU CIlll\~ t“#II IIIOIIIJ!l,

v allrl‘J whl~”hf~arr”
tdurrsforfl

f ,1 rltPoII> M[?IKunt .lflll ,:.in
ILIII{I 1:0 !II.lC”rflfiL?nI?llS [?{)l.lri.;dt[l)ll.

Ill~r:~m~.~L(:(:ul.tr V-V rL!l.Ix.lhlIIII, Lt :11..~rllt.!l:.ll,
will nV~iIIl:l ,1 r.11)1~1 flow I>F I:III! IS.X~!i : .It :.:11 into
b.l~!kllr[lull~l IIIIXII*.I wh~~!h in ,p:nur,lL wLll ,1, S9
adl I“n Fhr’Iwll,lri,:,lliIIIl,Iluk IIISI’. !*I1I 11~.111 1.11
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